Emerging evidence shows that microbe interactions with the host immune system impact diverse aspects of cancer development and treatment. As a result, exciting new opportunities exist for engineering diets and microbe cocktails to lower cancer risks with fewer adverse clinical effects than traditional strategies. Microbebased therapies may ultimately be used to reinforce host immune balance and extinguish cancer for generations to come.
Introduction
Recent studies reveal that gut bacteria and immune cells exist within a whole host interactive network that dictates good health and disease [1] [2] [3] [4] [5] [6] . An emerging paradigm links gut bacteria with whole body health, specifically involving microbial-immune networks influencing risk for many diseases including cancer [5] [6] [7] [8] . In a whole body context, microbe-immune interactions constitute part of a vast gutimmune-brain signaling axis [9] that continuously modulates host hypothalamic-pituitary-adrenal hormones and inflammatory tone [3, 6, [10] [11] [12] in an optimal balance for sustained good health. In this way, gut microbes directly and indirectly influence immune system proficiency and cancer outcomes. Drilling deeper into the relationships between bacteria and the host immune system promises to reveal novel targets with vast potential for management of otherwise intractable diseases, such as cancer.
Microbes, immune homeostasis and good health
A properly functioning immune system is integral for counteracting pathogen invasion and infection, and also healing of tissue injuries [13] . Having such an important role in mammalian health and survival, the immune system does not work alone in homeostasis. Besides foreign antigen recognition, killing of pathogens, and tissue remodeling, the immune system imparts signals at the whole organism level to involve other systems in stabilizing the host animal during lifethreatening conditions [13] [14] [15] [16] [17] . The increase of the body temperature (fever), loss of appetite, dulling of fur or skin, and changes in behavior and metabolic profile during infection are tangible outcomes of this mammalian signaling process [14, 16, 17] . In the present paradigm, the immune system interacts with the brain and the endocrine system to coordinate a holistic response to danger [14] [15] [16] [17] (Fig. 1) .
In response to external challenges, the powerful and multidirectional signaling machinery of the immune system is capable of directly damaging host biological structures, explaining its important contributions in the pathogenesis of many different diseases [13] . These are not restricted to classical immune-associated pathologies caused by insufficient or excessive or abnormally prolonged inflammation [13, 18] . They also include several metabolic and neuropsychological disorders, cardiovascular diseases and types of cancer, which previously were not considered to link with immune system imbalances [19] [20] [21] .
Our understanding for the role of clinically detectable immune system malfunctions in the pathogenesis of many important diseases has been considerably increased over the last two decades [13, [18] [19] [20] [21] . This knowledge, however, inevitably leads to the next important questions connecting immune homeostasis with the preservation of good health and healthful longevity. Are there quantitatively and qualitatively different subclinical systemic inflammatory tones in healthy-appearing individuals that correlate with the risk of developing cancer or other diseases with advancing age [22] [23] [24] ?
Previously unrecognized physiological axes link the gut microbiota and distant tissues including brain, skin and mucosal epithelia, and endocrine glands, with the immune system serving as the signaling "hub" [5, 20, [22] [23] [24] [25] [26] [27] [28] [29] . A growing body of evidence suggests that the interaction of gut microbiota with hypothalamic-pituitary-adrenal axis signaling may influence the psychological condition of the host [9, 10, 27, 30] . Gut bacteria with beneficial effects on host mood, behavior and sense of well-being ("psychobiotics") may have potential as therapeutic modalities against neuropsychiatric disorders, including anxiety, stress and depression [9, 17, 31] . In the context of neoplastic disease, this may be particularly important given the long-suspected contributions of stress-induced neuroendocrine signaling in carcinogenesis and tumor growth [32] [33] [34] .
Cancer as a failure of immune homeostasis
Earlier studies using enteropathogenic bacteria such as Helicobacter hepaticus have revealed that outcomes in cancer heavily rely upon not only host genotype but also immune system competency [7, [35] [36] [37] . Studies using immune-deficient mouse models lacking functional T and B lymphocytes were among the first to unveil microbe-induced innate immune carcinogenic events otherwise suppressed by a competent host immune system [35, 38] . In particular, among immune cells, neutrophils have emerged as a key cell in cancer development and growth [37, [39] [40] [41] [42] .
Clinical studies in cancer patients statistically correlate high blood neutrophil numbers and especially a high neutrophil:lymphocyte ratio with poor clinical outcomes including shorter survival time and higher risk of metastases [43, 44] . Likewise, neutrophils in the tumor microenvironment (tumor-associated neutrophils, TAN's) have also been linked with poor neoplastic disease outcomes in the majority of studies, although with few exceptions [43] [44] [45] . Since the full appreciation of the strong link between inflammation and cancer, many studies in animal models of cancer focused on neutrophils and have revealed some of the complicated mechanisms of neutrophil contributions in the various stages of neoplastic disease [41, [43] [44] [45] .
The majority of data suggest a critical role of neutrophils mostly in promoting tumor growth and metastasis. Cytokines, chemokines, growth factors and serine proteases of neutrophils shape a microenvironment that favors important events in tumor growth, such as motility, migration, invasion and expansion of neoplastic cells and angiogenesis. Recent evidence suggests that neutrophils exert direct signals on neoplastic cells to promote their proliferation and escape from senescence [41, [43] [44] [45] [46] . The effects of neutrophils on tumor growth are also important for metastases, particularly by facilitating tumor cell intravasation. For this phenomenon, however, neutrophils seem to play additional roles. Indeed, neutrophils facilitate tumor cell intravasation, adhesion in the endothelium, and extravasation. They also localize in sites where metastases occur and shape the local tissue environment, thus setting the stage for the survival and thriving of metastatic foci [41, [43] [44] [45] [46] .
One way neutrophils contribute to cancer is that the inflammatory environment of the tumor and tumor cells themselves release cytokines, such as IL-23, IL-17 and IL1-β that up-regulate granulocytecolony stimulating factor (G-CSF). As a result the bone marrow receives signals for urgent neutrophil production and release. Under these circumstances mature neutrophils, as well as neutrophil precursor cells, pass in the circulation in high numbers. The immature granulocytes recognized by their ring-shaped or band nuclei [ Fig. 2 ], associate with tumors and have been recently described as important tumor growth promoters [41, 47, 48] .
Another aspect of neutrophils and granulocyte precursor cells known as myeloid-derived suppressor cells (MDSC's) in cancer lies in their immunosuppressive activities. In the tumor microenvironment these cells are believed to suppress anti-tumoral effector T-cell action [41, [43] [44] [45] [46] [47] . However, recent data suggest that the role of neutrophils is not one-dimensional in that regard. In a manner similar to what is known for T-lymphocytes and macrophages, which are polarized towards either phenotype 1 or 2 (Th1 vs Th2, M1 vs M2), tumorassociated neutrophils can also be separated in two types [41, 45, 46, 49] . In the presence of Tgf-β, neutrophils polarize towards the N1 phenotype, which suppresses the desirable CD8+ T-cell responses and therefore is tumor-promoting. On the other hand, in the absence of Tgf-β the N2 neutrophils emerge in the tumor microenvironment and mount and anti-tumor cell response [41, 45, 46, 49] . The strict categorization of neutrophils in either N1 or N2 may not reflect the complex reality and full spectrum of neutrophil functional diversities in the neoplastic tissue [41] . Nonetheless, this preliminary categorization reflects the plasticity of the tumor-associated neutrophils population and opens a window of therapeutic opportunities for their exogenous polarization towards desired phenotypes.
While roles of neutrophils in cancer growth and progression are now well established, their contributions to tumor initiation are less studied but quite intriguing. Reactive oxygen species (ROS) produced by neutrophils can induce genotoxic damage, thus contributing to the accumulating mutations in the initial steps of carcinogenesis [41, 43, 45] . Neutrophils, Tgf-β and oxidative stress/ROS may be interrelated in pathways supporting carcinogenesis and tumor growth [49, 50] . Reactive nitrogen species (RNS) and proteases may also be important players in tumor initiation. Apart from direct damage on the genetic material of somatic cells, biologically active compounds of neutrophils that are being released to destroy invading pathogens may also damage epithelial cells. The destruction of the epithelial barrier can lead to bacterial translocation and chronic inflammation that promotes cancer [41] . Fig. 1 . Gut microbiota interact with whole body physiology to promote or undermine good health. Bacteria in the gastrointestinal (GI) tract influence a gut-immuneendocrine system axis. Microbial symbiosis promotes an overall homeostatic balance by oxytocin and thymus gland dominant immune functions, with balanced effector and suppressive immunity culminating in good health. By contrast, gut dysbiosis, anxiety and stress contribute to corticosterone-biased undermining of thymus gland functions, promoting a smoldering pro-inflammatory systemic tone with high levels of neutrophils and increased risk of developing cancer.
Gut microbes and immune homeostasis
How does the host animal counteract pathogen invasion and infection, while at the same time healing life-threatening tissue injuries to restore homeostasis? The majority of studies suggest that local and systemic effects of gut bacteria rely on balanced interactions of host innate immunity with lymphocytes at the periphery [2, 4, [51] [52] [53] [54] [55] [56] . Among lymphocytes, a growing body of research has identified CD4+ T lymphocytes subsets as pivotal in homeostasis of gut-associated lymphoid tissue, with lymphocytes continuously being generated, activated and balanced under the influence of bacterial antigen-driven signals [12, [51] [52] [53] [57] [58] [59] [60] . This paradigm has been established and confirmed in vivo using adoptive cell transplant studies in mouse models. For example, cell transfers using highly purified CD4+ regulatory T lymphocyte populations showed that H. hepaticus-triggered Interleukin-10-dependent regulatory T (Treg) cells and Tr1 cells alone are sufficient to impart immune homeostasis within the bowel of mice [60, 61] . Along these same lines, targeted orogastric infection with H. hepaticus was also found to stimulate transplantable cancerprotective CD4+ T cells inhibiting carcinogenesis in recipient animals by similar immune-mediated mechanisms [7, 36, 39, 62] . In affiliated research, proposed that microbe-driven immunemediated events throughout the body evolved through two different mechanisms:
1) Modulation of systemic inflammatory events, and 2) translocation of bacteria from epithelial surfaces to organs throughout the body.
More specifically, those study authors postulated that CD4+ regulatory T (Treg) cells exert continuous control over gut microbetriggered innate immune events including carcinogenic activities of neutrophils and precusor MDSC [6, 39, 63] (Fig. 2) . Additional evidence suggests that microbe exposures earlier in life stimulate cancerprotective immune cells that subsequently lower risk of chronic inflammatory dysregulation and associated-diseases including cancer later in life [36, 40, 63] .
The observation that prior microbe exposures improve potency of immune cells in anti-cancer protection [8, 36] led us to conclude that bacteria-immune interactions have vast potential to prevent and treat cancer and bestow good health.
Indeed, both direct and indirect effects of microbes upon CD4+ T cell programming have been demonstrated in human subjects and animal models [2, 4, 5, 64, 65] . Although the peripheral immune tissues are a major contributor in this immune-programming process, in youth the centralized thymus gland also serves to routinely balance immune system activities via antigen-specific programming of T lymphocytes. As a result, premature thymic involution has been convincingly linked with a wide spectrum of immune disorders resulting in failure to properly distinguish self from non-self [66, 67] . The relevancy of the thymus gland in sustaining good health has been convincingly demonstrated in mouse models lacking a functional thymus gland and thus without T lymphocytes [i.e., athymic nude mice], that are subsequently highly susceptible to infections and cancer [68, 69] . A well-developed thymus gland helps assure robust yet balanced host responses to environmental challenges. When taken together, these data indicate that microbial programming of adaptive immunity is important in maintaining host animal homeostasis.
A more direct link between the microbiome and pathogenic neutrophils is now also emerging. The microbiota and its products such as short chain fatty acids (SCFA) have been shown to contribute to physiological myelopoiesis in the bone marrow [70] [71] [72] . Mice descending from mothers that are treated with certain antibiotics during pregnancy have low levels of bone marrow granulocyte precursors and circulating neutrophils [73] . The microbiota affect neutrophil homeostasis through enterocyte CXCL5-mediated signaling and IL-17 [74, 75] . The aging process of neutrophils is also controlled by the microbiota through Toll-like receptor and myeloid differentiation factor 88 signaling [76] . These aged neutrophils have enhanced proinflammatory capabilities [41, 43, 76] . Therefore, a microbe-driven increase of neutrophil lifespan may affect inflammatory processes and cancer progression occurring throughout the body [41, 43, 76] .
Along these same lines, dietary enrichment of the gut microbiota with a probiotic bacterium L. reuteri consistently decreases the numbers of circulating neutrophils [12, 77, 78] . This phenomenon may relate with immune-endocrine interactions actions involving Treg and hormone oxytocin, which both increase after L. reuteri consumption [10, 11, 77, [79] [80] [81] and have the capacity to down-regulate neutrophilic responses [12, 22, [82] [83] [84] [85] [86] .
While microbe-immune interplay is pivotal to health outcomes in many model systems, at the same time there is growing evidence that microbes can directly alter host risk for cancer [30] . Candidate bacteria such as E. coli have been identified in humans with breast cancer [1, 87] ; however, precisely how the carcinogenic gut microbes may translocate to mammary tissue remains to be determined. In contrast, the mammary cancer-protective microbe L. reuteri used in mouse model studies was originally isolated from human breast milk [81] . Nonetheless, immune-mediated tissue repair restores homeostasis and inhibits tumorigenesis. Taken together, this raises the likelihood that different types of host-microbe interactions: 1) modulation of systemic inflammatory events and 2) altered translocation of gut bacteria to other tissues in the body, are involved in systemic homeostatsis and regulation of carcinogenesis.
Early life microbe exposures and the 'Hygiene Hypothesis'
The 'hygiene hypothesis' theory asserts that inhabitants of developed countries have immune systems with improved regulatory capacity when exposed to diverse microbiota early in life [20, 88] . Conversely, immune system function is impaired with exposures to refined diets, antibiotics, Caesarian births and artificial milk that reduce beneficial microbe exposures [20, 22, 65] . To examine the potential of this 'too clean' concept further, Lakritz et al. [81] used a human source microbe, L. reuteri , which was once widespread in human populations and now occurs in less than 4% of people surveyed [89, 90] . This group showed in mouse models that L reuteri served to inhibit mammary cancer later in life in murine models [81] . Additionally, introduction of these same bacteria during early life was found to convey multigenerational effects inhibiting a scurfy-like syndrome [premature thymic involution], massive systemic accumulations of neutrophils, and cancers of lymph nodes, lungs and liver [63] . Further studies using L. reuteri revealed this breast milk-derived microbe was sufficient to induce CD4+ lymphocytes, in particular CD4+ regulatory T (Treg) cells with transplantable health benefits to naïve animals [11, 79, 80, 91] .
It is becoming clear that perinatal bacteria exposures bestow immune system competency for a lifetime [20, 22, 63] . This effect may be peripheral but also include the central organ of lymphocyte differentiation i.e. the thymus gland. Indeed, recent findings by Varian et al. indicate that the dietary L. reuteri supplementation stimulates the thymus gland via up-regulation of the transcription factor FoxN1 in epithelial cells [12] , an effect that may not require live microbiota for thymogenic effects [78] . Intestinal bacteria have also been shown to modulate the expression of another transcription factor, the autoimmune regulator (AIRE) pivotal in Treg programming, within thymic epithelial cells of mice [92] . Thus, emerging data shows that, in fact, immune tolerance may rely heavily on thymus-derived Treg [61, 64, 93, 94] . To what extent L. reuteri-induced oxytocin [10, 78] overlaps with central and peripheral host immune programming remains to be determined. However, oxytocin itself is connected with immune system elementary functions, since it is an integral component of both thymus gland and bone marrow [95, 96] . The hormone has been shown to have a role in thymic maturation and selection of Tlymphocytes and in the generation and kinetics of bone marrow hematopoietic progenitor cells [95] [96] [97] [98] . The effects of oxytocin in inflammatory processes parallel those of L. reuteri, with a balance of beneficial pro-and anti-inflammatory activities [95] . Oxytocin administration has been shown to balance neutrophil counts, oxidative stress and several proinflammatory cytokines. Importantly, it also imparts a wide array of more efficient host T-cell responses (5-7) [95, [99] [100] [101] .
Taken together, these data shape the current consensus that efficient immune tolerance and sustained good health is achieved by concerted actions of both thymic and peripherally-induced Treg.
Microbial metabolites also modulate host CD4+ T cells
Recent evidence suggests that CD4+ T cell subsets in the gut are responding to bacteria-derived signals [51] [52] [53] [57] [58] [59] , including fermentation products. Indeed, butyrate and propionic acid, which are byproducts of bacterial fermentation of starch and fiber in the bowel, can directly stimulate the expansion of local Treg and consequently ameliorate colitis in mice [102] [103] [104] . The effect of organic acids appears to be transmitted in Treg via the G coupled protein receptor 43 [103] , depends upon the intronic enhancer CNS1 [104] and is accomplished via histone deacetylase (HDAC) inhibition [102] [103] [104] . The downstream gene target of this pathway has consistently been found to be Foxp3, the master nuclear transcription factor and signature molecule of suppressive T REG [102] [103] [104] . Interestingly, HDAC, such as HDAC3 affect not only peripheral induction of Treg but thymus-derived Treg as well [105] . Evidence, however, also exists that organic acids, such as n-butyrate suppresses CD4+ T effector cells directly, without Treg mediation [106] . In other studies, CD4+ Treg cells appear to mediate the bulk of the reported beneficial health effects of probiotic bacteria [6, 23, 31, 107] . Further research is needed to determine the extent to which the benefits of organic acids in mammalian health [108] rely upon CD4+ T cell-mediated effects on intestinal and systemic health.
Microbe exposures may impart life-long immune homeostasis to animal hosts. Immune homeostasis is an otherwise intractable, complex, multi-factorial, and highly integrated process difficult to target via one immune cell molecule or type [109] . This inherent property of microbes makes them a tractable target for public and personalized health goals.
Microbes, immunity, and anti-cancer therapies
It has been known for some time that individual patients respond very differently to cancer treatments. There is a growing body of evidence that gut microbes play a role in these differences. Data from several different laboratories show that gut microbiota modulate patient responses to cancer immunotherapy [110, 111] . Specifically, in those studies, microbe-associated immunomodulatory effects involved stimulating a Th-1 response in lymph nodes draining the tumor site. Interestingly, successful immunotherapy favored certain symbiotic microbe populations contributing to therapeutic efficacy. Recognizing the potential potency of microorganisms to boost immunotherapy raises hopes that engineering of gut bacteria for select immune outcomes will deliver a constructive host physiology. Earlier studies using L. reuteri indicate that even a single species of microbe can potently transform the host animal immune system, restore immune homeostasis, and convey sustained good health. In this way, gut microbes modulate whole host immune and hormonal factors impacting the fate of distant preneoplastic lesions toward malignancy or regression. This raises the possibility that the tumor microenvironment interacts with broader systemic microbial-immune networks. These accumulated findings suggest novel therapeutic opportunities for holobiont engineering in emerging tumor microenvironments [109] .
Dietary microbes re-program host immunity, restore homeostasis, and combat cancer
There is an inherent appeal in the simplicity that symbiotic microbes may lessen inflammatory tone without compromising host defenses. In support of this, temporal dissection of epithelial wound healing showed that L. reuteri supplements served to balance activities of IFN-γ, neutrophils and Treg for constructive wound resolution [10] . While high levels of IFN-γ are beneficial for the early phase of epithelial proliferation and wound repair [112] [113] [114] , excessive inflammation and chronic inflammation are ultimately detrimental to the host. In that setting, oral supplementation with a single probiotic organism was sufficient to rapidly restore homeostasis and at the same time minimize collateral tissue damage [6] . Recently, sterile lysates of bacteria were found to be sufficient for homeostatic effects [77, 78] . Rapid recovery and restoration of homeostasis is pivotal in preventing chronic smoldering inflammation that otherwise contributes to individual risk of developing cancer. An exciting possibility exists that beneficial microbes may ultimately convey multi-generational anti-cancer effects, as well [63] .
Conclusions
Recognizing the potential potency of microorganisms in whole body health raises hopes that engineering gut bacteria will deliver a constructive whole host balance for sustained cancer prevention and remission. Taken together, these data usher in a new era of microbe engineering seeking freedom from cancer, as well as other systemic disorders of the cardiovascular system and mental health.
Conflict of interest
The authors have declared that no competing interests exist.
